The renal glomerulus is composed of endothelial and mesangial cells with podocytes contributing to glomerular filtration. Podocyte damage is associated with renal disorders, thus there is interest in these cells for regenerative medicine. These studies investigated the use of extracellular matrix (ECM) to grow third trimester fetal monkey renal cortical cells and to assess mature podocytes in culture. Immunohistochemistry provided a profile of podocyte differentiation with metanephric mesenchyme and developing podocytes nestin positive and synaptopodin negative, whereas mature podocytes were positive for both markers. Primary cell cultures devoid of mature podocytes were established on plastic and renal ECM. A cell population (nestinϩ/synatopodinϪ) cultured on renal ECM showed greater proliferative potential compared with plastic with limited podocytes developing in culture over time. Further investigation of individual components of ECM (laminin, fibronectin, collagen I, or collagen IV) indicated that collagen I supported the greatest proliferation similar to renal ECM, whereas a greater number of mature podocytes (nestinϩ/synaptopodinϩ) were observed on fibronectin. These results suggest that (1) culture of fetal monkey podocytes can be accomplished, (2) renal ECM and collagen I can support renal cortical cells in vitro, which may recapitulate the developing kidney in vivo, and (3) 
P odocytes are specialized terminally differentiated cells that interact with the glomerular capillaries, neighboring podocytes, and the glomerular basement membrane by interdigitating foot processes and slit diaphragms (1) (2) (3) . Podocytes are typically fully differentiated in newborns, while undifferentiated podocytes are found in fetuses with the exception of some fish and shark species that retain the capability for growth of new glomeruli with maturation and aging (4) . These cells differentiate from the metanephric mesenchyme and pass through four stages of glomerular development until they form the final mature phenotype, which can no longer divide (2, 5) . Podocytes are required for maintenance and integrity of the glomerular filtration barrier. They are commonly damaged or destroyed in renal disease such as congenital nephritic syndrome in humans and are an actively studied cell type (6) .
Urinary tract obstruction in fetal rhesus monkeys during active nephrogenesis has been shown to result in tubular cystic transformation and irregular collecting duct epithelialmesenchymal transition, as seen in human urinary tract obstruction and renal dysplasia (7, 8) . Notably, obstructed kidneys also showed a severe disruption of normal glomerular development with consequent podocyte apoptosis and loss (9) . This in utero monkey model of human obstructive renal dysplasia is particularly important because monkeys exhibit active nephrogenesis comparable to humans during similar developmental time periods, with a well-demarcated nephrogenic zone and identifiable metanephric mesenchyme, ureteric bud, S-shaped nephrons, and maturing glomeruli (10, 11) . Thus, the fetal rhesus monkey model can play an essential role in understanding the role of podocytes in the prenatal pathogenesis of obstructive renal dysplasia and to develop potential cell-based therapies using podocyte progenitors for human applications. However, culture conditions to obtain fetal rhesus monkey podocyte progenitors have not yet been established, nor is there a differentiation assay to test the ability of the cultured cells to differentiate into mature podocytes once they have been transplanted into a kidney compromised by disease.
In this study, immunohistochemical analysis of third trimester fetal monkey kidneys provided a phenotypic profile of podocyte maturation. This developmental pattern was then used to analyze and identify cultured third trimester fetal monkey renal cortical cells. Finally, the effects of renal extracellular matrix (ECM) and its individual components (laminin, fibronectin, collagen I, and collagen IV) were investigated for their potential to support the growth and differentiation of cultured renal cortical cells. mulatta) (n ϭ 3) with a history of prior pregnancy were bred and identified as pregnant, using established methods (12) . Pregnancy in the rhesus monkey is divided into trimesters by 55-d increments with term delivery at 165 Ϯ 10 d (13) . Activities related to animal care (diet, housing) were performed as per standard California National Primate Research Center (CNPRC) operating procedures. Normal fetal growth and development was confirmed by ultrasound (14) , and fetuses were delivered by hysterotomy for tissue harvests in the early third trimester (120 d gestation) as previously described (7) .
Immunohistochemistry. Fetal kidneys were collected, and one half of each kidney was placed in optimum cutting temperature (OCT) embedding compound (Sakura, Japan) and quick frozen over liquid nitrogen. Sections (4 m) from OCT-embedded kidneys were used for the analyses. Slides were placed in PBS for 5 min, then fixed in cold methanol (Fisher Chemical, Fairlawn, NJ) for 10 min, and allowed to air dry before blocking with 2% serum of the appropriate secondary antibody (incubated for 20 min at room temperature). Primary and secondary antibodies were diluted in PBS with 1% BSA (Invitrogen, Carlsbad, CA). Excess blocking buffer was removed and sections incubated with primary antibodies overnight at Յ4°C in a moisture chamber. The following primary antibodies and dilutions were used: rabbit anti-nestin (1:500; Chemicon, Temecula, CA); goat anti-synaptopodin (1:100; Santa Cruz Biotech, Santa Cruz, CA); mouse anti-CD31 (1:100; Dako, Carpinteria, CA); mouse anti-synaptopodin (1:100; Progen, Heidelberg, Germany); rabbit anti-nephrin (1:500; Proscience, San Diego, CA); mouse anti-podocalyxin (1:500; Invitrogen); mouse anti-WT-1 (predilute; Invitrogen); mouse antivimentin (1:500; BD Biosciences, Palo Alto, CA); and goat anti-podocin (1:100; Santa Cruz Biotech). Excess primary antibody solution was removed before the secondary antibody was added and incubated in the dark at room temperature for 1 h. Secondary antibodies included the following: Alexa Fluor goat-rabbit 488 and 594, donkey-goat 594, and goat-mouse 488 and 594 (1:500; Invitrogen). Double staining was accomplished by the application of a mixture of primary antibodies overnight at Յ4°C, followed by a mixture of the appropriate secondary antibodies for 1 h in the dark at room temperature. Antibody dilutions for double staining were the same as described above for single-stain preparations. Coverslips were then mounted with Prolong Gold mounting medium with the nuclear stain 4Ј-6-diamidino-2-phenylindole (DAPI) (Invitrogen). All photographic images were obtained using an Olympus Bx61 Microscope (Olympus America Inc, Center Valley, PA) with a CoolSNAP HQ black and white camera.
Cell culture. One half of each kidney was separated into cortex and medulla at the corticomedullary border with the cortical components placed in DB20 medium composed of DMEM (Invitrogen) with 20% fetal bovine serum (FBS), 1% penicillin-streptomycin, and 1% L-glutamine (all from Invitrogen). The tissue was ground using the frosted end of sterile glass slides, cultured in DB20 until ϳ70% confluent, and subsequently passaged using 0.05% trypsin-EDTA (Invitrogen). Primary culture cells were also cryopreserved for further study using a standardized controlled rate cryopreservation protocol (CryoMed, Thermo Scientific) in FBS and 10% DMSO (SigmaAldrich Chemical Co., St. Louis, MO).
To identify the culture conditions supporting podocyte progenitor growth, cryopreserved cells from the primary cultures (P0) were plated on various substrates including plastic, laminin, fibronectin, collagen I, and collagen IV (BD Biosciences). Renal ECM was obtained as follows: cultured cortical cells were grown in DB20 on collagen I until 4 -5 d postconfluence, washed once with PBS, incubated with 0.1 N ammonia solution in water (Fisher Chemicals) for 10 min (15, 16) , and washed with PBS three times before plating the cells.
Cortical cells from three animals (primary cultures) were plated individually onto the six substrates in six-well plates at 1 ϫ 10 3 cells/cm 2 and in duplicate. Cells were passaged when ϳ70% confluence was achieved and through five passages. At each passage, cells were counted in duplicate on a hemacytometer and an aliquot collected for quantitative RT-PCR analysis (see below). Cells at each passage were also plated on two-well chamber slides (Nunc Lab-Tek, Fisher) coated with each of the experimental substrates, grown until ϳ70% confluent, fixed with ice-cold methanol, and stored at ՅϪ20°C until immunocytochemical analysis.
Immunocytochemistry. The primary and secondary antibodies identified above for immunohistochemistry were used for analysis of cultured cells on the different substrates. Primary antibodies were diluted as described earlier, applied to chamber slides, and incubated for 1 h at room temperature. The primary antibody was removed and the slide washed twice with PBS before application of the appropriate secondary antibody (1:200) for 1 h in the dark at room temperature. After removal of the secondary antibody, the slide was washed once with PBS and a coverslip was placed with Prolong Gold with DAPI for nuclear staining. For double staining, the primary antibodies were applied together in the appropriate dilutions and incubated for 1 h at room temperature. After removal of the primary antibody, slides were washed twice with PBS, and the Alexa-Fluor 594 antibody of the appropriate host (1:200) was added and incubated in the dark for 1 h. The first secondary antibody was removed, the slide washed twice with PBS, and stained with Alexa-Fluor 488 antibody of the appropriate host (1:200) for 1 h in the dark at room temperature, washed once with PBS, and a coverslip placed.
Nestin and synaptopodin gene expression was examined under fluorescent microscopy. Where possible, images were collected (Ͼ20 per culture slide) for a semiquantitative analysis of protein expression. Total cells per field were counted based on DAPI nuclear staining and nestin positive cells identified based on presence of appropriate fluorescence signal. The percentage of positive cells was calculated and applied to a 0 to 4 scoring system as follows: Ϫ, no evidence of expression; ϩ, weak expression, Ͻ25% positive cells; ϩϩ, modest expression, 25-49% positive; ϩϩϩ, moderate expression, 50 -74% positive; and ϩϩϩϩ, strong levels of expression, Ն75% positive.
Quantitative PCR. Cell pellets collected from the above cultures at each of five passages were processed for total RNA using a Qiagen RNeasy Mini Kit according to the manufacturer's recommendations (Qiagen, Valencia, CA). The cDNA was processed using a Qiagen Sensiscript RT kit and the protocol according to the manufacturer's recommendations. For quantitative PCR analysis, primers were designed for each target gene (see Table 1 ). Real-Time quantitative PCR analysis was carried out in 96-well optical plates using the 7900 ABI Sequence Detection System (Applied Biosystems, Foster City, CA) and the QuantiTect SYBR Green PCR Kit (Qiagen) according to the manufacturer's protocols. Primers for each target gene were designed to span an intron and thus eliminate the possibility of amplifying genomic DNA templates remaining in the RNA preparations (Table 1) . PCR reactions were run in duplicate in separate wells and contained 1ϫ SYBR Green master mix and 500 nM of forward and reverse primers in a 25-L reaction volume. The PCR protocol consisted of one cycle of 2 min at 50°C, 15 min at 95°C, followed by 40 cycles at 15 s at 95°C, and 60 s at 60°C. RNA expression was quantified relative to the housekeeping gene, HPRT1, and to normalize the amount of sample RNA and to compensate for any potential sample variation. Positive and negative controls (water) were included in each run. Differences in gene expression were determined as described in the User's Bulletin #2 (P/N 4303859) (Applied Biosystems, updated 2001).
Data analysis. Data are shown as mean Ϯ SEM. Significance was determined by t test analysis at p Յ 0.05.
RESULTS
Rhesus monkey fetuses were delivered by hysterotomy for tissue harvest in the early third trimester (120 d gestation), and specimens collected and processed for immunohistochemistry and cell culture.
Immunohistochemistry. The nephrogenic zone of the fetal kidney includes metanephric mesenchyme, branching ureteric buds, and the four stages of the developing glomeruli (vesicle, S-shape, comma, and mature) (17, 18) (Fig. 1A) . Immunohistochemical analyses showed metanephric mesenchyme in the nephrogenic zone expressed nestin, WT-1, and vimentin, whereas developing podocytes at the S-shape and comma phase of glomerular development expressed nestin, WT-1, HPRT1, hypoxanthine phosphoribosyltransferase 1 (housekeeping gene).
vimentin, nephrin, and podocalyxin. Mature podocytes at the final phase of glomerular development expressed nestin, WT-1, vimentin, nephrin, podocalyxin, synaptopodin, and podocin similar to findings in humans (5,19 -23) . Because podocytes function in close proximity to endothelial cells and express many of the same markers, CD31, which is expressed on endothelial cells (5), was used to distinguish between the two cell types. Using double-staining techniques, cells positive for nestin and synaptopodin were shown to be negative for CD31 (Fig. 1) . These findings provided a profile of podocyte differentiation that was then used to assess renal cortical cells grown in vitro. Effects of renal ECM. Cells were plated at a cell density of 1 ϫ 10 3 cells/cm 2 and grown on plastic and ECM prepared by decellularizing renal cortical cells. Cell morphology when grown on plastic or renal ECM (passages 1-3) was similar to published descriptions of podocyte progenitors in mouse and human podocyte cultures (19) with the classic "cobblestone" appearance and a low cytoplasmic to nuclear volume ratio (Fig. 2) . During passages 4 -5, cells plated on plastic showed a more differentiated morphology characterized by arborization, processes extending from the cell body, and a high cytoplasmic to nuclear volume ratio (Fig. 2) . Cells with a differentiated morphology showed limited proliferation and an extended population doubling time (80 -200 h; passage 5). However, renal ECM consistently supported proliferation of cells retaining the "cobblestone" morphology at a significantly higher growth rate compared with those plated on plastic (p Ͻ 0.05) (Fig. 3) . The population doubling time was maintained with renal ECM at passages 4 and 5 with average doubling times of 39.4 Ϯ 4.2 h and 41.6 Ϯ 6.4 h, respectively. At passage 1, a majority of cells (ϳ75 Ϯ 10%) were nestin positive when grown on plastic or renal ECM with no significant differences between the groups noted (Fig. 4) . Nestin expression for cells plated on plastic diminished with advancing passage (Table 2) . However, cells plated on renal ECM maintained nestin expression over 5 passages. In contrast, cells plated on renal ECM did not show synaptopodin expression at passage 1, and very few synaptopodin positive cells were observed in culture at passage 5. A slight increase in synaptopodin expression for cells plated on plastic was observed over 5 passages. Taken together, renal ECM was shown to support proliferation of nestin positive renal cortical cells without increasing synaptopodin expression.
Effects of ECM components. Cells were cultured in individual ECM components (collagen I, collagen IV, fibronectin, laminin) to more specifically characterize findings. Cells cultured on collagen IV and laminin showed growth rates comparable with renal ECM over 4 passages, followed by a significant increase in doubling times at passage 5 (p Ͻ 0.05) (Fig. 3) . A significant increase in the population doubling times of renal cells cultured on fibronectin (115.6 Ϯ 22.7 h) was also observed at passage 5 when compared with renal ECM (41.0 Ϯ 6.4 h, p Ͻ 0.05) (Fig. 4) . Similar to plastic, cells cultured on all ECM substrates assessed showed a high quantity of cells suggestive of mature podocyte morphology as noted above for cells grown on plastic.
At passage 1, a majority of cells (ϳ75 Ϯ 10%) were nestin positive when grown on each of the four substrates studied with no significant differences between the groups noted ( Fig.  4 and Table 2) , with a similar decline with advancing passage. Conversely, very few cells on any of the substrates assessed were synaptopodin positive at passage 1. With advancing passage, an increase in the quantity of synaptopodin positive cells was noted, particularly when grown on fibronectin (Figs. 4 and 5 and Table 2 ). These synaptopodin positive cells were also positive for nestin and WT-1 and displayed a differentiated podocyte morphology. These observations suggest that fibronectin supports differentiation of renal cortical cells toward a podocyte lineage.
Quantitative PCR. All cells grown on the different substrates (passages 1 through 5) were positive for podocin, podocalyxin, nestin, nephrin, synaptopodin, and WT-1 when evaluated by quantitative PCR (see Table 1 ). Synaptopodin expression increased on all substrates with advancing passage and was particularly increased on plastic (p Ͻ 0.01) and fibronectin (p Ͻ 0.05) suggesting maturation over time toward a mature podocyte phenotype (Fig. 6 ). Nestin expression was noted to decline when cells were grown on plastic or laminin (p Ͻ 0.05) suggesting a loss of proliferative potential typically associated with podocyte progenitor differentiation.
DISCUSSION
Early third trimester fetal monkey renal cortical cells were cultured on six different substrates including plastic, laminin, fibronectin, collagen I, collagen IV, and renal ECM through five passages. Results of these studies suggest that (1) these cells can be grown and maintained in culture, (2) renal ECM and collagen I may best support a podocyte progenitor population in vitro, which can recapitulate the developing kidney in vivo, and (3) fibronectin may best support podocyte differentiation in vitro. These cells could prove useful for kidney regeneration protocols and in translational studies with nonhuman primate models where a loss of podocytes has been shown to occur, such as fetal obstructive renal disease (7, 9, 24) .
The metanephric mesenchyme of the developing kidney contains progenitors that differentiate into mature podocytes, mesangial cells, and tubular epithelium. It is currently unknown whether endothelial cells are recruited into the kidney by early podocyte signaling or whether these progenitors are present locally (25) . Similarly, it is unclear whether there is a specific progenitor population that differentiates toward a mesangial lineage or whether these cells differentiate from an endothelial progenitor or from a single progenitor with the potential to form mesangial cells and podocytes (1, 26) . Several studies have been performed to assess the molecular features of podocytes in vivo, but culture conditions have not yet been established that allow the maintenance of these cells in vitro. In this study, we used established human podocyte markers including nestin for podocyte progenitors and synaptopodin for mature podocytes. Nestin is an intermediate filament protein that was first discovered in neural progenitor cells (27) , then found on mature podocytes in the rat (20) , mouse (28) , and human (5, 29) and currently shown to be expressed in the metanephric mesenchyme of the developing fetal monkey kidney. Conversely, synaptopodin has only been observed in mature, fully differentiated podocytes in fetuses and adults from several mammalian species (19, 21) . By using these two markers, we were able to determine the developmental status of renal cortical cells from the nephrogenic zone when grown in culture and anticipate that these markers will be useful for determination of cell fate in preclinical cellbased studies focused on fetal kidney repair. Podocytes and endothelial cells produce components of the glomerular basement membrane on which these cells mature and function. Therefore, by using a decellularized confluent cortical cell culture method on which to grow podocytes, the ECM allowed proliferation and maintenance of progenitors in vitro. However, renal ECM is challenging to grow with a high degree of consistency and is much more delicate than the commercial substrates currently available. The average population doubling times over the five passages studied showed that renal ECM can maintain a higher quantity of proliferative cells when compared with the other substrates. Furthermore, renal ECM maintained podocyte progenitor morphology over a longer period of time and with a high quantity of nestin positive and fewer synaptopodin positive cells. Collagen I, the most commonly used substrate for podocyte culture (30, 31) , was shown to be the next best substrate for cell growth and proliferation and provided consistent population doubling times, with later passages containing cells with a podocyte progenitor morphology strongly positive for nestin. Conversely, the other commercial substrates were more effective for driving podocyte progenitors toward a mature, terminally differentiated state. Nestin and synaptopodin staining support that the cells were an immature population in the early passages and then matured with subsequent passages. The cultured cortical cells were also shown to be positive for podocyte markers when evaluated by quantitative PCR and displayed the characteristic features of podocyte progenitors with the ability to differentiate into mature podocytes (19) (see Figs. 4 -6) .
During the past few decades, it has been shown that a large number of renal disorders result in glomerular pathologies and most appear to be specific to the podocyte (32) (33) (34) (35) (36) (37) . Podocyte loss by necrosis, apoptosis, or detachment results in glomerulosclerosis and eventually leads to end stage renal disease (37) . Further, obstructive uropathy, which is one of the more common renal disorders in infants and children, results in multiple cysts and an associated podocyte loss (9) . There has been some debate as to whether injured podocytes can be replaced (38) , and currently, there is no definitive technique available to replace podocytes damaged by disease (32, 33) .
The results of this study suggest that renal ECM and collagen I are effective cell culture substrates for maintaining podocyte progenitors in vitro, with fibronectin serving as a culture substrate, which can provide more mature, terminally differentiated cells. For tissue regeneration purposes, podocyte progenitors may prove useful to repair damaged kidneys. The fetal rhesus monkey model of obstructive renal disease (7, 9) provides a unique preclinical model to develop and test such strategies, and it may provide new insights for kidney regeneration and repair that can be translated to the human clinical setting.
